Objective: Resin-based composites are used for many applications in dentistry. They are difficult to remove without damage to the underlying enamel since they adhere strongly and are color matched to the tooth. The objective of this study was to determine if an automated laser scanning system with spectral feedback could be used for selective removal of residual orthodontic composite from tooth surfaces with minimal damage to the underlying enamel. Materials and methods: A CO 2 laser operating at a wavelength of 9.3 μm with a pulse duration of 10-15 μs and a pulse repetition rate of ∼200 Hz was used to selectively remove composite from the buccal surfaces of extracted teeth. A spectral feedback system utilizing a miniature spectrometer was used to control the laser scanning system. Pulpal temperature measurements were performed during composite removal to determine if there was excessive heat accumulation. Conventional and digital microscopes were used to assess the amount of enamel lost during removal. Results: The amount of enamel lost averaged between 20 and 25 μm for irradiation intensities from 3.8 to 4.2 J/cm 2 , respectively. An average maximum temperature rise of 1.9 ± 1.5°C was recorded, with no teeth approaching the critical value of 5.5°C. The average time for composite removal from an area of 5 mm 2 was 19.3 ± 4.1 s, fast enough for clinical feasibility. Conclusion: Residual composite can be rapidly removed from tooth surfaces using a CO 2 laser with spectral feedback, with minimal temperature rise within the pulp and with minimal loss of sound enamel. 
Introduction
Dental composites and glass ionomers are used as restorative materials for filling cavities and filling, shaping and covering teeth for esthetic purposes, and as adhesives. Dentists spend more time replacing existing restorations that fail due to microleakage and secondary caries than they do placing new restorations [1, 2] . Tooth-colored restorations are difficult to differentiate from the surrounding tooth structure and adhere strongly to the underlying enamel and dentin making them challenging to remove without damaging tooth structure. Hence, the clinician frequently removes excessive amounts of healthy tooth structure to ensure complete removal of the composite [3, 4] . Therefore, a system that can rapidly and selectively remove composite from tooth surfaces while minimizing the inadvertent removal of healthy tooth structure would be a significant improvement over current methods.
Composite-based resins are used to attach orthodontic brackets to tooth surfaces and it is difficult to remove the residual composite left on the tooth surface after bracket debonding. A wide variety of modalities have been recommended for the removal of residual composite, including high-speed and low-speed handpiece attachments, for example tungsten carbide burs, polishing discs and points, and rubber cups and polishers [4] [5] [6] [7] . Iatrogenic sequelae associated with the use of high-speed and lowspeed handpieces include variable enamel scratches and loss, incomplete removal of composite and excessive heat accumulation. Studies of the removal of residual composite with carbide burs are highly variable and a mean loss in excess of 50 μm has been reported [8] [9] [10] . More over, excessive heat accumulation during removal with the handpiece can occur [11] .
One approach to debonding esthetic ceramic brackets is to use laser energy to thermally degrade the adhesive resin with the bracket still in place [12] . However, such an approach may excessively heat up the entire tooth and residual composite may still remain on tooth surfaces. Another laser-based approach is to selectively ablate residual composite from tooth surfaces. Previous studies have shown that high ablation selectivity can be achieved using laser pulses at λ = 355 nm of nanosecond duration [13] [14] [15] . However, the frequency-tripled Nd:YAG laser is poorly suited for the removal of sound and demineralized dental hard tissues and utilizes UV radiation. It is safer and more economical to utilize a laser that can be used for multiple applications. Carbon dioxide (CO 2 ) lasers, which have been used extensively for decades for soft tissue surgery, have also been advocated for use in caries removal and caries prevention due to their high absorption by carbonated apatite in dental enamel and have recently received approval of the Food and Drug Administration for use on hard tissues. Enamel absorption is 5-6 times higher at 9.3 and 9.6 μm than the more commonly used 10.6-μm wavelength which allows more efficient heating and ablation of dental hard tissues [16] . Therefore, a pulsed CO 2 laser operating at 9.3 μm is well suited for caries removal. Moreover, the underlying enamel will be modified to a more acid resistant phase after composite removal [17] [18] [19] [20] [21] [22] .
The pulsed CO 2 laser can also be used to ablate composite selectively if spectral feedback is employed [23] . During laser ablation, a luminous emission plume is produced that is unique to each tissue or material. The luminous plume generated during hard tissue ablation by the CO 2 laser consists of electronically excited atoms, ions and molecules ejected from the site of ablation. The plume can be spectrally interrogated to reveal the chemical composition of the ablated material as described in previous studies [23] [24] [25] . In previous studies, we were able to show that distinctive high intensity calcium emission lines can be used to differentiate between the ablation of composite and dental hard tissues at several laser wavelengths [23] [24] [25] . Individual peaks can be identified with wavelength tables of elemental spectra [26] . Therefore, it is possible to differentiate enamel and composite spectra by their distinct component peaks. Dumore and Fried [25] showed that the plume emission spectrum acquired during the laser ablation of dental enamel possesses distinct calcium emission lines that are strong between 580 and 650 nm, giving the plume a distinct red appearance. This region is lacking in composite resin and its fillers, and can thus be used to differentiate enamel from composite.
We demonstrated that composite can be selectively removed from tooth buccal and occlusal surfaces at clinically relevant rates using a CO 2 laser operating at 9.3 μm with high pulse repetition rates with minimal heat deposition [23] . The selective removal of composite from the smooth buccal surfaces is more challenging than removing composite from other tooth surfaces since it is particularly important to minimize enamel loss from these highly visible tooth surfaces for esthetic reasons. The objective of this study was to analyze the enamel surface damage produced during the removal of residual orthodontic composite from tooth buccal surfaces.
Materials and methods

Tooth samples
Twenty-six premolars and molars were collected from patients in the San Francisco Bay Area and sterilized with gamma radiation. Eleven teeth with the roots intact were used for the measurements of heat accumulation and the time required for removal as described in section 2.5 (Group #1). The roots were removed from the remaining 15 teeth and the crowns were sectioned into buccal and lingual halves and these 30 tooth halves were divided into Groups #2 and #3 that were used for the measurements of enamel loss and volume of composite/enamel removed as described in section 2.6.
Orthodontic brackets were bonded to the buccal or lingual surfaces of twenty of these tooth halves (Group #2) with Grengloo TM (Ormco, Orange, CA, USA) composite, Ortho Solo TM (Ormco) adhesive, and 37% phosphoric acid etchant according to the manufacturer's instructions. Grengloo TM composite changes color and appears green below body temperature. This helps to identify any residual composite missed by the laser. It also has similar composition to other composites. The brackets were mechanically debonded leaving the residual composite.
For the remaining 10 tooth halves (Group #3), tooth surfaces were ground flat using an 800-grit polishing wheel and a thick layer of composite was applied to the flat surfaces; orthodontic brackets were not bonded to the surfaces.
Laser system
The CO 2 laser used in this study was an IMPACT ® 2500 (GSI Lumonics, Rugby, UK) operating at a wavelength of 9.3 μm. The laser was custom-modified to produce a Gaussian output beam (single spatial mode) and a pulse duration of between 10 and 15 μs. The laser was operated at a pulse repetition rate of ∼220 Hz, with a spot size of ∼750 μm and a 150-μm overlap between laser spots for the experiments described in sections 2.5 and 2.6. The tooth was cooled with a low volume/low pressure air-actuated fluid spray delivery system that provided a pulsed uniform mist at a rate of 0.5 ml/min at room temperature. The water spray was pulsed with a frequency of 0.5 Hz for a delivery rate of 10 ml/s over an area of 5 cm 2 . The laser irradiation intensities are indicated in the text as the fluence for single incident laser pulses (not accumulated over multiple pulses) was varied using CaF 2 attenuators of thickness ranging from 1 to 20 mm.
Computer-controlled laser scanning system with spectral feedback
Computer-controlled XY galvanometers 6200HM series with MicroMax Series 671 from Cambridge Technology, Inc. were used to scan the laser beam over sample surfaces. A laser spot size of 750 μm was used with a spot-tospot separation of 150 μm.
The plume produced from laser irradiation of each spot was captured using a USB2000+ fiber optic spectrometer (Ocean Optics, Dunedin, FL, USA) incorporating a 2048-element CCD detector that was used in conjunction with a 1-mm bare silica-fiber to acquire spectra as previously described [23] . Distinct calcium emission lines only present in enamel were used to differentiate between the ablation of enamel and composite. Both composite and enamel spectra contain the strong sodium D-emission line near 580 nm. The composite spectrum is similar to the emission spectrum of ablated glass and quartz [24] . Dental hard tissues have a very strong emission line centered at 605 nm. The ratio and intensities of the 580 and 605-nm peaks were used to differentiate between composite and enamel.
A flow chart describing the algorithm used to remove the composite is shown in Figure 1 and it is described in greater detail in [23] . The laser beam was scanned from point to point over a matrix defining a specific area. The plume emission ratio from each irradiated spot was subsequently used to determine if that spot was enamel or composite and a new matrix was generated defining the area of composite to be removed in the following scan. This process was repeated until all the composite was removed. A final "clean-up" scan was carried out along the margin of composite determined from analysis of the plume emission acquired from the initial scan to remove residual composite at the perimeter.
Composite ablation rate measurements
The ablation rate for Grengloo TM composite was measured and compared with previous measurements of enamel from [23] at varying irradiation intensities in order to select the optimal incident laser fluence for removal. Disks, 1-2 mm thick of cured Grengloo TM (Ormco) composite were prepared using a diamond saw (Isomet 5000; Buehler, Lake Bluff, IL, USA). The incident fluence was varied from 0 to 20 J/cm 2 and the laser spot size was maintained at 450 μm. The laser beam was scanned in a rectangular pattern over an area roughly 3.6 × 1.5 mm with each laser spot separated by 150 μm. There were three scans for each of the 15 irradiation intensities investigated. Optical coherence tomography (OCT) was used to measure the mean depth per scan [23] . The same procedure was used previously to determine the rate of ablation of a more conventional Z250 composite (3M, Minneapolis, MN, USA) and dental enamel [23] .
Measurements of heat accumulation and the time required for removal (Group #1)
Eleven extracted human premolars and molars with the roots intact were used for thermocouple measurements (Group #1). The roots were left on each tooth and a small hole was drilled into tooth mesial or distal surfaces at the level of the cement-enamel junction using a highspeed dental handpiece with a carbide bur (Model 1169L; Miltex, York, PA, USA). Microthermocouples (K type, 36 G; Omega Engineering Inc, Stamford, CT, USA) were inserted into the pulp chamber of each tooth. The laser ablation setup is shown Figure 2 indicating the relative position of the thermocouple in the tooth and the composite on the tooth buccal surface. A high thermal conductivity silicone paste (OMEGATHERM ® 201, Omega) was used to ensure good thermal contact with the tooth. Digital periapical films were taken to verify the position of the thermocouple. Computer-controlled galvanometers scanned the laser beam to remove all residual orthodontic composite from the tooth surface in a 5 × 5 mm 2 matrix. A thermocouple controller (Model SR630; Stanford Research Systems, Sunnyvale, CA, USA) was used to record the thermal data. The teeth were irradiated using a fluence of 3.8 J/cm 2 , and a water spray at room temperature was used. A temperature rise of > 5.5°C was considered the threshold for risk of pulpal inflammation [27] . The time taken to ablate all residual composite on the tooth surface was recorded, as well as the temperature change from the initial temperature to the maximum temperature recorded before and after the removal process. Similar temporal profiles to those observed during composite removal from tooth occlusal surfaces were recorded [23] , namely the temperature initially dropped a few degrees due to the cooling effect of the water spray and subsequently rose a few degrees as heat accumulated in the tooth to peak when removal was completed.
Measurements of enamel loss and volume of composite/enamel removed (Groups #2 and #3)
The twenty samples (tooth halves) of Group #2 were further subdivided into two groups of 10 and irradiated at either 3.8 J/cm 2 (Group #2a) or 4.2 J/cm 2 (Group #2b). Two irradiation intensities were used to assess how sensitive the enamel loss is to slight variations in the incident fluence. Half of the residual composite was removed in a rectangular matrix of about 2.5 × 5 mm 2 with the laser removal program leaving half of the residual composite intact.
After composite removal by the laser, the enamel surfaces of Group #2 were analyzed with a Leitz Secolux microscope (Leica, Solms, Germany) with a magnification of 50-1000 × . Damage to the enamel surface appeared as a roughening of enamel. The greatest enamel loss appears to have occurred at the center of each crater left by individual laser pulses. Enamel loss was assessed by measuring the vertical deviation near the center of each overlapping crater by scanning the image plane of a conventional microscope. A digital micrometer was seated on the microscope platform to measure the change in platform height as the microscope was manually focused on the surface and at the base of the deeper craters. Five of the deeper crater areas were measured per sample, and the mean ± standard deviation (SD) is reported.
The 20 samples of Group #2 were also visually evaluated by two observers without magnification. Teeth were categorized into four groups based on the degree of texture on the enamel surface (roughening) after laser ablation of all 20 samples (1-minimal, 2-slight, 3-moderate, 4-severe). Six of the twenty teeth were further polished after laser irradiation. Three were polished with Renew Finishing System Points #383 on a high-speed handpiece and three were polished with prophy cups and prophy paste on a slow-speed handpiece. The teeth were then evaluated under the microscope and photographed.
The 10 samples (tooth halves) of Group #3 with composite placed on the flat surfaces were irradiated with a fluence of 4.0 J/cm 2 . All the composite was removed by scanning a 4-mm 2 area with the laser removal program.
Surfaces were evaluated using the VHX-1000 optical microscopy/3D surface profilometry system. Two lenses were used, the VH-Z25 with a magnification from 25 to 175 × and the VH-Z100R with a magnification of 100-1000 × . 3-D images of the samples were acquired before and after ablation at 1000 × and 175 × magnification. Images at different focus positions are rapidly acquired by scanning the z-axis stage and algorithms are used to generate a depth composition image (fully focused images) with all points of the image in focus or a 3-D image can be generated. The Keyence 3-D shape measurement software, VHX-H3M, was used to correct the tilt of the sample and measure the variation in depth over the enamel in the post-ablated composite area. This software provided 2-D profiles of the surface variation which were used to calculate the mean vertical deviation in the surface and the surface roughness. The mean vertical deviation was calculated by measuring the mean depths of five craters. The Keyence software was also used to calculate the root mean squared (RMS) roughness of the irradiated enamel surface.
Since the Keyence microscope acquires 3-D images it is possible to determine the volume of composite removed by subtracting the 3-D images taken before and after removal of the composite. Each image was acquired at 175 × magnification and contained 1437 × 1965 pixels, i.e., ∼1.5 mm × 2 mm. The non-irradiated enamel edges on the flat ground surfaces were used as a reference for each 3-D image.
Statistical analysis
All statistical analysis was carried out using Prism or Instat software (Graphpad Software, La Jolla, CA, USA). A t-test was used to compare the mean vertical deviation of the craters on the laser irradiated surfaces at the two different irradiation intensities, Groups #2a and #2b, to determine if they were significantly different (p < 0.05). Linear regression was used to compare the measured vertical deviation values to the subjective visual scores (1-4) for Group #2. The Pearson correlation coefficient was calculated and a t-test was used to determine if the slope was significantly different from zero (p < 0.05).
Results
Composite ablation rate measurements
The measured relationship between ablation rate and fluence is shown in Figure 3 , and is very similar to Z250 composite [23] . The composite ablation rate increased progressively with increasing fluence, whereas the enamel ablation rate peaked at about 20 μm/scan above approximately 8 J/cm 2 .
The ideal fluence appears to be around 4 J/cm 2 , where the rate of composite removal is twice that of enamel while the enamel loss is reduced to a depth of < 10 μm. The use of irradiation intensities (fluence) exceeding 4-5 J/cm 2 will result in the removal of greater amounts of enamel which may be more selective but the greater damage to enamel is unacceptable on tooth buccal surfaces.
Measurements of heat accumulation and the time required for removal (Group #1)
The maximum temperature excursions at the position of the pulp chamber wall opposite the enamel surfaces irradiated by the laser were measured using microthermocouples. An average maximum temperature rise of 1.9 ± 1.5°C (n = 11) was recorded, with none of the measurements approaching the critical value of 5.5°C. The mean time to remove all of the residual composite from the 5-mm 2 area was 19.3 ± 4.1 s (n = 11).
Measurements of enamel loss
and volume of composite/enamel removed (Groups #2 and #3) Figure 4 shows teeth from Groups #2a and #2b before and after composite removal. Only half of the composite area under the bracket was irradiated by the laser leaving half the composite untouched. Five of the most severely affected areas on each tooth surface were examined using the Leitz microscope at a magnification of 200 × . At a fluence of 3.8 J/cm 2 (Group #2a) the maximum vertical deviation averaged 22.7 ± 5.3 μm. The maximum vertical deviation that was measured ranged from 6 to 49 μm. At 4.2 J/cm 2 (Group #2b), the maximum vertical deviation averaged 25.3 ± 5.0 μm and the maximum ranged from 11 to 50 μm. There was no significant difference between the maximum vertical deviations for the two groups (t-test, p > 0.05).
The visual appearance of all samples in Group #2 were subjectively ranked after composite removal (1-minimal, 2-slight, 3-moderate, 4-severe) as previously described. A plot of the measured vertical deviation values vs. the subjective visual scores (1-4) showed that they were correlated; Pearson R = 0.51 (p < 0.05). Polishing with the Renew Finishing System Points #383 removed some of the surface texture but gave a highly glossed surface. The irradiated area was not visible after additional polishing, and microscopic evaluation with the Leitz microscope indicated that the mean vertical surface deviation decreased to 17.4 ± 6.6 μm, from 24.8 ± 6.9 μm immediately following laser irradiation for those samples. The use of prophy paste attached to a prophy cup lightly smoothed the surface texture while making the visual evaluation of the tooth surface more favorable. However, the surface roughness was altered less with the prophy paste than with the Renew Polishing points. The mean vertical surface deviation decreased to 19.1 ± 3.2 μm from 21.1 ± 2.1 μm for the samples polished with the prophy paste.
The Group #3 samples with the composite applied to ground flat surfaces (no brackets) were irradiated at a fluence of 4.0 J/cm 2 . These samples were imaged using the VHX-1000 microscopy/3D surface profilometry system. Both 3-D and depth composition images are presented in Figures 5-7 . Figures 5 and 6 show the depth composition and 3-D images at 175 × magnification of two of the samples before and after composite removal with RMS surface roughness values of approximately 13 and 20 μm. Each image represents a 1.5 × 2 mm 2 area of the tooth surface. The depth composition image is best suited for showing the surface texture and uniformity while the 3-D image best shows that the composite is uniformly removed leaving a flat surface. Figure 7 shows higher resolution depth composition and 3-D images taken in the area where the composite has been removed.
Digital profilometric measurements were also carried out for the Group #3 samples to determine the mean vertical deviation and the roughness (RMS). The RMS was 23 ± 7.7 μm and the mean vertical deviation was 21.4 ± 6.3 μm which is consistent with our values measured using the Leitz microscope for the Group #2 samples. The mean volume of composite that was removed by the laser in a 1.5 mm × 2 mm window was 0.23 ± 0.1 mm 3 .
Discussion
The amount of enamel lost during the selective removal of residual orthodontic composite using a CO 2 laser with spectral feedback appears to be less than for conventional means for removal using dental low-speed and highspeed handpieces. Most debonding techniques result in some loss of enamel. The degree of enamel loss varies widely in the literature [28] . The thickness of enamel is usually about 1500-2000 μm, and the loss of 60 μm is not thought to be detrimental to the tooth [29] . However, the surface fluoride layer gradient is very steep, with the highest concentration at the surface and a rapid decline in the first 20 μm of enamel [28] . Therefore, it is desirable to preserve as much of the fluoride-rich surface layer of enamel as possible. In this study, the surface roughness and mean vertical deviation (enamel loss) varied from 15 to 30 μm for irradiation intensities of 3.8-4.2 J/cm 2 . The irradiated enamel surface showed a morphology characteristic of surface melting with wavelike or wormlike structures, as previously described by Zuerlein et al. [30] , such surfaces manifest increased resistance to acid dissolution [17] [18] [19] [20] [21] [22] . It is important to point out, that it is likely that much of that roughness is caused by the repeated melting and re-crystallization of the enamel during multiple laser pulses and it is possible that very little enamel was actually vaporized and lost during the procedure. It is highly likely that most of the fluoride rich outer layer of enamel is preserved. The enamel surface texture in laser irradiated areas closely resembles the structures of melted and re-crystallized enamel observed previously [30] .
The time required for the CO 2 laser to remove the residual composite remaining after bracket debonding was < 20 s which is less than conventional methods. Ryf et al. [5] reported a total composite removal time of 65.9 ± 14.0 s with two steps and up to 183.5 ± 14.1 s per tooth for four-step procedures. This time was similar to what we reported for the removal of composite from tooth occlusal surfaces in our previous study [23] . The temperature rise was also similar to the rise produced during the irradiation of the occlusal surfaces even though the thermocouples pulp chamber is closer to the tooth surface [23] . The temperature rise was well below the safe level of 5.5°C determined by Zach and Cohen [27] .
The digital microscope proved to be extremely valuable for analyzing tooth surfaces before and after laser irradiation. This is the first time this new technology has been used to examine laser-treated tooth surfaces and the depth composition and 3-D images can be used to determine the amount of composite removed from the tooth surface in addition to the surface roughness induced by laser irradiation.
Conclusion
Residual orthodontic composite can be selectively removed from the tooth surface using a rapidly scanned CO 2 laser with spectral feedback, with a minimal temperature rise within the pulp and acceptable damage to the underlying enamel surface. 
